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Implantable cardiac stimulation device and method which optimises pacing effectiveness 



(57) An implantable cardiac stimulation device and 
method optimizes pacing effectiveness of a patient's 
heart. A pulse generator delivers right and left pacing 
pulses to corresponding right and left chambers of the 
heart with a selected pacing delay between the right 
pacing pulse and the left pacing pulse wherein the se- 
lected pacing delay is within a continuum from left cham- 



ber pacing only, to simultaneous right and left chamber 
pacing., and to right chamber pacing only. A sensor 
senses a parameter, such as ventricular pressure, as- 
sociated with pacing effectiveness. A control circuit se- 
lects the pacing delay, which maximizes the sensed pa- 
rameter. 
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Description 



[0001 J The present invention generally relates to an 
implantable cardiac stimulation device. The present in- 
vention more particularly relates to such a device which 
automatically adjusts inter-chamber pacing delay to op- 
timize pacing effectiveness. 

[0002] Implantable cardiac stimulation devices are 
well known in the art. Such devices may include for ex- 
ample, implantable cardiac pacemakers and defibrilla- 
tors either alone or combined in a common enclosure 
The devices are generally implanted in the pectoral re- 
gion of the chest beneath the skin of a patient within 
what is known as a subcutaneous pocket. The implant- 
able devices generally function in association with one 
or more electrode carrying leads, which are implanted 
within the heart. The electrodes are positioned within the 
heart for making electrical contact with their respective 
heart chamber. Conductors within the leads couple the 
electrodes to the device to enable the device to deliver 
the desired therapy. 

[0003] Traditionally, therapy delivery had been limited 
to the right side of the heart. However, new lead struc- 
tures and methods have been proposed and even prac- 
ticed for also delivering cardiac rhythm management 
therapy from or to the left heart. These lead structures 
and methods provide electrode electrical contact with 
the left atrium and left ventricle of the heart by lead im- 
plantation within the coronary sinus of the heart As is 
well known, the coronary sinus passes closely adjacent 
he left atrium, extends into the great vein adjacent the 
left ventricle, and then continues adjacent the left ven- 
tricle towards the apex of the heart. 
[0004] It has been demonstrated that electrodes 
placed in the coronary sinus and great vein may be used 
for left atrial pacing, left ventricular pacing, and cardio- 
version and defibrillation. These advancements enable 
implantable cardiac stimulation devices to address the 
needs of a large patient population from those which 
would benefit from right heart side pacing alone to those 
which would benefit from left heart side pacing in con- 
junction with right heart side pacing (bi-chamber pac- 
ing), to those which would benefit from left heart side 
pacing alone. 

[0005] For example, the potential of multi-site pacinq 
to improve the hemodynamic status of select patient 
populations is well established in the research commu- 
nity. One area of active research is in determining the 
optimal ventricular pacing configuration. For example 
the results of one study suggest that optimal results are 
obtained by pacing on the side of the heart that has the 
conduction delay, so that left ventricular pacing gives su- 
perior performance for patients with a left bundle branch 
block, while right ventricular pacing yields better results 
m patients with right bundle branch block. As illustrated 
by those who conducted this study, the problem is typi- 
cally couched in terms of pacing mode, so that compar- 
ison is made among right ventricular pacing, left ven- 



tricular pacing, and simultaneous bi-ventricular pacing 
Unfortunately this approach considers only a smallsub- 
set of the parameter space, and therefore carries the 

• IZZton. °' miSSin9 a ' t09e,her the ° Ptifna ' 

[0006] Multi-site pacing has further challenges One 
such challenge is identifying the optimal pacing site 
This challenge is complicated by the fact that only a lim- 
rted region of the left ventricle is accessible for pacing 
» particularly when access is obtained via the coronaj 
venous system. y 
[0007] An additional challenge in multi-site pacing is 
that the optimal pacing configuration is dependent on 
the physiologic state of the patient. In patients with 

» HyP^rophicObstructiveCardiomyopathy.forexample 
the degree of obstruction is dependent on posture 
Thus, the optimal pacing configuration is likely to 
change with changes in posture. For example, the opti- 
20 T C ° nf ^ uration for a n unsedated, walking patient Is 
» likely to be dWerent from what is optimal for a patient 
who » sedated and supine on the examination or oper- 
ating table. K 

[0008] The optimal pacing configuration may also 
Pangeas the patient's myocardial state changes My- 
ocard.al remodeling is associated with the progression 
or regression of heart failure. Such remodeling may de- 
pend on response to therapy, lifestyle changes, and 
age. As the heart remodels, the optimal sequenceof ac- 

30 T m 7 Change - F ° r exam P' e ' in the acute phase 
of pacemaker implantation, left ventricular pacing may 
have been optimal for a given patient. Over weeks or 
months, the heart may remodel such that more synchro- 
nous biventricular pacing becomes optimal 
[0009] The present invention provides an implantable 
35 cardiac stimulation device and method which optimizes 
pacing effectiveness by effectively selecting a pacinq 
configuration within a continuum of pacing configura 
ions ranging from right chamber pacing alone, to sJnul- 

40 o^lT f ^ ' eft ChambSr Pacin 9' t0 left ch ^er 
*o pacing alone. In accordance with the present invention 

this » accomplished by selecting an inter-chamberpac- 

mg | delay ranging from a delay which captures only a 

right chamber of the heart, to no delay for synchronous 

b.-chamber pacing, to a delay which captures only a left 

« chamber of the heart responsive to a sensed parameter 

associated with pacing effectiveness. 

[0010] In accordance with the present invention a 

pulse generator delivers right and left pacing pulses' to 

so h° rr ! S P -! ndin9 res P ective ri 3 ht and left chambers of the 
heart. The corresponding right and left chambers may 
be for example, the right and left ventricles or the right 
and left atria. The right and left pacing pulses are deliv- 
ered w,th a selected pacing delay therebetween which 
delay ,. within a continuum from left chamber pacing 
alone, to Simultaneous right and left chamber pacing, to 
right chamber pacing alone. A sensor, such as a ven- 
tncular pressure sensor, which senses ventricular pres- 
sure associated with hemodynamic output, provides a 
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pulse amplitude. A control circuit selects the pacing de- 
lay which provides the maximum pulse amplitude. In this 
manner, a pacing delay is selected which optimizes the 
mechanical efficiency of the heart. 
[0011] In accordance with a preferred embodiment, 
the control circuit includes a processor. The processor 
is programmed to initiate a pacing delay selection and 
to cause the pulse generator to vary the pacing delay 
with successive cardiac cycles until a maximum in the 
sensed parameter is obtained. The processor may con- 
tinuously initiate the pacing delay selection or may initi- 
ate pacing delay selection at spaced apart times or 
when the patient changes posture. 
[0012] The present invention thus enables bi-cham- 
ber pacing to be amenable to continuous hemodynamic 
performance maximization even as physiologic state 
changes. It further obviates the need for optimized elec- 
trode placement as } for example, a left ventricular pac- 
ing site, by compensating for a sub-optimal electrode 
placement. 

[0013] Further features and advantages of the 
present invention may be more readily understood by 
reference to the following description taken in conjunc- 
tion with the accompanying drawings, in which: 

FIG. 1 is a simplified diagram illustrating an implant- 
able stimulation device in electrical communication 
with at least three leads implanted into a patient's 
heart for delivering multi-chamber stimulation and 
shock therapy and which embodies the present in- 
vention; 

FIG. 2 is afunctional block diagram of the device of 
FIG. 1 illustrating the basic elements for providing 
cardioversion, defibrillation and pacing stimulation 
in four chambers of the heart and for optimizing pac- 
ing therapy in accordance with a preferred embod- 
iment of the present invention; and 
FIG. 3 is a flow chart describ ing the operation of the 
device of FIGS. 1 and 2 during pacing therapy op- 
timization in accordance with a preferred embodi- 
ment of the present invention. 

[0014] As shown in FIG. 1 , there is a stimulation de- 
vice 1 0 in electrical communication with a patient's heart 
1 2 by way of three leads, 20, 24 and 30 suitable for de- 
livering multi-chamber stimulation and shock therapy. 
To sense atrial cardiac signals and to provide right atrial 
chamber stimulation therapy, the stimulation device 10 
is coupled to an implantable right atrial lead 20 having 
at least an atrial tip electrode 22, which typically is im- 
planted in the patient's right atrial appendage. 
[0015] To sense left atrial and ventricular cardiac sig- 
nals and to provide left-chamber pacing therapy, the 
stimulation device 10 is coupled to a "coronary sinus" 
lead 24 designed for placement in the "coronary sinus 
region" via the coronary sinus os so as to place a distal 
electrode adjacent to the left ventricle and additional 
electrode(s) adjacent to the left atrium. As used herein, 



the phrase "coronary sinus region" refers to the vascu- 
lature of the left ventricle, including any portion of the 
coronary sinus, great cardiac vein, left marginal vein, left 
posterior ventricular vein, middle cardiac vein, and/or 
s small cardiac vein or any other cardiac vein accessible 
by the coronary sinus. 

[0016] Accordingly, the coronary sinus lead 24 is de- 
signed to receive atrial and ventricular cardiac signals 
and to deliver left ventricular pacing therapy using at 

10 least a left ventricular tip electrode 26 : left atrial pacing 
therapy using at least a left atrial ring electrode 27, and 
shocking therapy using at least a left atrial coil electrode 
28. For a complete description of a coronary sinus lead, 
see U.S. Patent Application No. 09/457,277, titled "A 

15 Self-Anchoring, Steerable Coronary Sinus Lead" (Pian- 
ca et al.); and U.S. Patent No. 5,466,254, "Coronary Si- 
nus Lead with Atrial Sensing Capability" (Helland), 
which patents are hereby incorporated herein by refer- 
ence. 

20 [0017] The stimulation device 10 is also shown in 
electrical communication with the patients heart 12 by 
way of an implantable right ventricular lead 30 having, 
in this embodiment, a right ventricular tip electrode 32, 
a right ventricular ring electrode 34, a right ventricular 

25 (RV) coil electrode 36 : and an SVC coil electrode 38. 
Typically, the right ventricular lead 30 is transvenously 
inserted into the heart 12 so as to place the right ven- 
tricular tip electrode 32 in the right ventricular apex so 
that the RV coil electrode will be positioned in the right 

30 ventricle and the SVC coil electrode 38 will be positioned 
in the superior vena cava. Accordingly, the right ven- 
tricular lead 30 is capable of receiving cardiac signals, 
and delivering stimulation in the form of pacing and 
shock therapy to the right ventricle. 

35 [0018] The lead 30 further includes a pressure sensor 
37, which senses ventricular pressure. Ventricular pres- 
sure is a parameter associated with or related to hemo- 
dynamic output of the heart and hence provides a reli- 
able indication of pacing effectiveness or mechanical ef- 

40 ficiency of the heart. As will be seen subsequently, the 
ventricular pressure is used to select an optimum pacing 
delay. The output of the sensor 37 is a pulse amplitude 
following each stimulation. The pacing delay producing 
the maximum is selected to maximize the pulse ampli- 

45 tude. 

[0019] As illustrated in FIG. 2 t a simplified block dia- 
gram is shown of the multi-chamber implantable stimu- 
lation device 10, which is capable of treating both fast 
and slow arrhythmias with stimulation therapy, including 

so cardioversion, defibrillation, and pacing stimulation. 
While a particular multi-chamber device is shown, this 
is for illustration purposes only, and one of skill in the art 
could readily duplicate, eliminate or disable the appro- 
priate circuitry in any desired combination to provide a 

55 device capable of treating the appropriate chamber(s) 
with cardioversion, defibrillation and pacing stimulation. 
[0020] The housing 40 for the stimulation device 10, 
shown schematically in FIG. 2, is often referred to as the 



3 



BNSDOCID: <EP .1 199085A2_I_> 



EP1 199 085 A2 



can , case" or "case electrode" and may be program- 
mabiy selected to act as the return electrode for 

a ^L m< f r ? 6 h0USin9 40 ma * further used as 
a return electrode alone or in combination with one of 
the coil erodes, 28, 36 and 38, for shocking ptos- 
es. The housing 40 further includes a connector (not 
shown) having a plurality of terminals, 42, 44 46 48 
52, 54, 56, and 58 (shown schematically and 'for con- 
venience the names of the electrodes to which they are 
connected are shown next to the terminals). As such to 
achieve right atrial sensing and pacing, the connector 
moludes at least a right atrial tip terminal 42 adapted 0 
connection to the atrial tip electrode 22 
[0021] To achieve left chamber sensing, pacing and 
shocking, the connector includes at least a left ventricu- 

22 TT 3 ' eft atria ' ri " 9 t6fminal 4fi . and a left 
atrial shock.ng terminal 48, which are adapted for con 

nection to the left ventricular tip electrode 26, the Tft 

TLZ 27 ' and the ,efl atrial coil el ^rode 

28, respectively. 

[0022] To support right chamber sensing, pacing and 

shockmg.theconnectorfurtherincludesarightventricu- 
ar hp terminal 52, a right ventricular ring teLna. 5^ 
right ventncular shocking terminal 56, and an SVC 
shocking terminal 58, which are adapted for connection 
rinn I, T l : e " tr ' Cular tj P e,ect ~de 32, right ventricular 
nnge ec rode, 34, the RVcoi! e iectrode36, and the SVC 
coil electrode 38, respectively. 

EUS ^ tthecoreofthes ^ulation device 10 isapro- 
grammable microcontroller 60, which controls the vari- 

?hLTT S ° f Stimulation tner «Py- As is well known in 
the art, the microcontroller 60 typically includes a micro- 
processor, or equivalent control circuitry, designed spe- 

and may further include RAM or ROM memory, logic and 

Sr^' StatS maChine CkCU ft V I/O cLitry. 
Typically, the microcontroller 60 includes the ability to 
process or monitor input signals (data) as controlled by 

Th ?Z?l C °ul S T d in 3 d6Si9nated of memory 
loVr an , 6 deS ' 9n and ° peration of the mi ^°con- 
tro er 60 are not critical to the present invention. Rather 
any surtable microcontroller 60 may be used that carries 
out the functions described herein. The use of micro- 
P rocessor-based control circuits for performing timing 

roo™ "I" f * fUnCti ° nS 3re We " known in *e art. 
[0024] As shown in FIG. 2, an atrial pulse generator 
70 and a ventncular pulse generator 72 generate pacing 
stimulation pulses for delivery by the right atrial lead 20 
]Tjt VentricU,ar lead 3 °. and/or the coronary sinus 
lead 24 via a switch bank 74. I, is understood that in 
order to provide stimulation therapy in each of the four 
chambers of the heart, the atrial and ventricular pulse 
generators, 70 and 72, may include dedicated, inde- 
pendent pulse generators, multiplexed pulse genera- 

To ated PU ' Se 9enerators - Th e Pul*e generators, 
70 and 72, are controlled by the microcontroller 60 via 
appropriate control signals, 76 and 78, respectively to 
trigger or inhibit the stimulation pulses. 



[0025] The microcontroller 60 further includes timino 
circuitry which is used to control the timing of such S 
ulation pulses (e.g., pacing rate, atrioventricular (AV) 
delay, atrial interconduction (A-A) delay, or ventricular 
5 ' nte '«ion (V-V) delay, etc.) as well as to kelp 
track of the timing of refractory periods, PVARP inter 
vals, no.se detection windows, evoked response win- 
dows alert intervals, marker channel timing, etc Xh 
is well known in the art. 
'o [0026] The switch bank 74 includes a plurality of 
switchesforconnectingthedesiredelectrodestotL 
propnate l/O circuits, thereby providing complete Elec- 
trode programmability. Accordingly, the switch bank 74 

'5 orlTT" l ° 3 COntr °' Si9nal 80 f rom tha microcontroi: 
er 60, determines the polarity of the stimulation pulses 
(e.g., unipolar, bipolar, combipolar, etc.) by selectively 
closing the appropriate combination of switches (not 
shown) as is known in the art. 1 
[0027] The switch bank 74 also selectively couples a 
» pressure sensor terminal 57 to the microcontroller The 

oTrg 1 \ i Th C ° UPled K, , ° PreSSUre — 37 - "2 
30 (FIG. 1). Th.s enables the microcontroller 60 to read 

the pulse amplitude from the pressure sensor 37 follow- 

[0028] Atnal sensing circuits 82 and ventricular sens- 
ing circuits 84 may also be selectively coupled to the 
right atria, lead 20, coronary sinus lead 24, and the right 
ventricular lead 30, through the switch bank 74 for de 
30 ZTl th6 k presence of car diac activity in each of the 
*> four chambers of the heart. Accordingly, the atrial and 

r a te r d cu,arsens ^ 

-cated sense amplifiers, multiplexed amplifiers or 
shared amplifiers. The switch bank 74 deteSnes the 
"sensing polarity" of the cardiac signal by s^lec«ve,v 

a^'T 6 appr0 e riate »es, ^ I also known S 
1^ the clini -an may program the sens ng 
££? ,n c dependent °» *e stimulation polarity. 9 
[0029] Eachsensingcircuit, 82and84, preferablyem- 
ploys one or more low power, precision amplifiers w»h 
« programmable gain and/or automatic gZ ooZl 
bandpass filtering, and a threshold detection clrcuft as 
known ,n the art, to selectively sense the cardiac signal 
of interest. The automatic gain control enables the di 
vice 1 o to deal effectively with the difficult problem * 

or vJn? 1 ' 0W amP ' itUde Si9nal ^racterisL of aTria 
or ventncular fibrillation. The outputs of the atrial and 
ventricular sensing circuits, 82 and 84, are connected 
to the microcontroller 60 which, in turn, are able to Wo 

70 and 72, respectively, , n a demand fashion in re 
sponse to the absence or presence of cardiac acL* 
respectively, in the appropriate chambers of the hS 
The sensing circuits, 82 and 84, in turn, receive control 

55 t o, e 60° f " S,9na ' ,ineS ' 86 3nd 88 ' fr ° m the 

tro Her 60 for purposes of controlling the gain, threshold 

polanzation charge removal circuity (not shown) a d 

he immg of any blocking circuitry (no! shown) coupled 

to the inputs of the sensing circuits, 82 and 86 as is 
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known in the art. 

[0030] For arrhythmia detection, the device 1 0 utilizes 
the atrial and ventricular sensing circuits, 82 and 84, to 
sense cardiac signals to determine whether a rhythm is 
physiologic or pathologic. As used herein "sensing" is 
reserved for the noting of an electrical signal., and "de- 
tection" is the processing of these sensed signals and 
noting the presence of an arrhythmia. The timing inter- 
vals between sensed events (e.g., P-waves, R-waves, 
and depolarization signals associated with fibrillation 
which are sometimes referred to as "F-waves" or "Fib- 
waves") are then classified by the microcontroller 60 by 
comparing them to a predefined rate zone limit (i.e., 
bradycardia, normal, low rate VT, high rate VT, and fi- 
brillation rate zones) and various other characteristics 
(e.g., sudden onset, stability, physiologic sensors, and 
morphology, etc.) in order to determine the type of re- 
medial therapy that is needed (e.g., bradycardia pacing, 
anti-lachycardia pacing, cardioversion shocks or defi- 
brillation shocks, collectively referred to as "tiered ther- 
apy"). 

[0031] Cardiac signals are also applied to the inputs 
of an analog-to-digital (A/D) data acquisition system 90. 
The data acquisition system 90 is configured to acquire 
intracardiac electrogram signals, convert the raw analog 
data into a digital signal, and store the digital signals for 
later processing and/ortelemetrictransmission to an ex- 
ternal device 102. The data acquisition system 90 is 
coupled to the right atrial lead 20, the coronary sinus 
lead 24, and the right ventricular lead 30 through the 
switch bank 74 to sample cardiac signals across any 
pair of desired electrodes. 

[0032] Advantageously, the data acquisition system 
90 may be coupled to the microcontroller or other de- 
tection circuitry, for detecting an evoked response from 
the heart 1 2 in response to an applied stimulus, thereby 
aiding in the detection of "capture". Capture occurs 
when an electrical stimulus applied to the heart is of suf- 
ficient energy to depolarize the cardiac tissue, thereby 
causing the heart muscle to contract. The microcontrol- 
ler 60 detects a depolarization signal during a window 
following a stimulation pulse, the presence of which in- 
dicates that capture has occurred. The microcontroller 
60 enables capture detection by triggering the ventricu- 
lar pulse generator 72 to generate a stimulation pulse, 
starting a capture detection window using the timing cir- 
cuitry wiLhin the microcontroller 60, and enabling the da- 
ta acquisition system 90 via control signal 92 to sample 
the cardiac signal that falls in the capture detection win- 
dow and, based on the amplitude, determines if capture 
has occurred. 

[0033] The microcontroller 60 is further coupled to a 
memory 94 by a suitable data/address bus 96, wherein 
the programmable operating parameters used by the 
microcontroller 60 are stored and modified, as required, 
in order to customize the operation of the stimulation de- 
vice 10 to suit the needs of a particular patient. Such 
operating parameters define, for example, pacing pulse 



amplitude, pulse duration electrode polarity, rate, sen- 
sitivity, automatic features, arrhythmia detection criteria, 
and the amplitude, waveshape and vector of each 
shocking pulse to be delivered to the patient's heart 12 
5 within each respective tier of therapy. 

[0034] Advantageously, the operating parameters of 
the implantable device 1 0 may be non-invasively pro- 
grammed into the memory 94 through a telemetry circuit 
100 in telemetric communication with an external device 
10 102, such as a programmer, transtelephonic transceiv- 
er, or a diagnostic system analyzer. The telemetry circuit 
1 00 is activated by the microcontroller by a control signal 
106. The telemetry circuit 100 advantageously allows 
intracardiac electrograms and status information relat- 
es jng to the operation of the device 1 0 (as contained in the 
microcontroller 60 or memory 94) to be sent to the ex- 
ternal device 102 through the established communica- 
tion link 104. 

[0035] In the preferred embodiment, the stimulation 

20 device 10 further includes a physiologic sensor 108, 
commonly referred to as a "rate-responsive" sensor be- 
cause it is typically used to adjust pacing stimulation rate 
according to the exercise state of the patient. However, 
the physiological sensor 108 may further be used to de- 

25 tect changes in cardiac output, changes in the physio- 
logical condition of the heart, or diurnal changes in ac- 
tivity (e.g., detecting sleep and wake states). According- 
ly, the microcontroller 60 responds by adjusting the var- 
ious pacing parameters (such as rate, AV Delay, V-V 

30 Delay, etc.) at which the atrial and ventricular pulse gen- 
erators: 70 and 72, generate stimulation pulses. While 
shown as being included within the stimulation device 
1 0, it is to be understood that the physiologic sensor 1 08 
may also be external to the stimulation device 10, yet 

35 still be implanted within or carried by the patient. A com- 
mon type of rate responsive sensor is an activity sensor, 
such as an accelerometer or a piezoelectric crystal, 
which is mounted within the housing 40 of the stimula- 
tion device 10. Other types of physiologic sensors are 

40 also known, for example, sensors which sense the ox- 
ygen content of blood, respiration rate and/or minute 
ventilation, pH of blood, ventricular gradient, etc. How- 
ever, any sensor may be used which is capable of sens- 
ing a physiological parameter, which corresponds to the 

45 exercise state of the patient. The type of sensor used is 
not critical to the present invention and is shown only for 
completeness. 

[0036] The stimulation device additionally includes a 
battery 110, which provides operating power to all of the 

so circuits shown in FIG. 2. For the stimulation device 10, 
which employs shocking therapy, the battery must be 
capable of operating at low current drains for long peri- 
ods of time, and then be capable of providing high-cur- 
rent pulses (for capacitor charging) when the patient re- 

55 quires a shock pulse. The battery 110 must also have a 
predictable discharge characteristic so that elective re- 
placement time can be detected. Accordingly, the de- 
vice 1 0 employs lithium/silver vanadium oxide batteries, 
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as is true for most (if not all) such devices to date 
[0037] The device 1 0 further includes a posture sen- 
sor 120. The posture sensor detects the posture of the 
patient between a fully upright position and a supine po- 
srtion. To that end, the sensor 120 may include acceler- 
ometers, which detect acceleration in three mutually 
transverse directions. The raw signals from the sensor 
120 are provided to the microcontroller 60, which may 
generate two different control signals. A first control sig- 
nal may be a logical "1" if the patient is in an upriqht 
position and a logical "0" if the patient is in a supine po- 
sition. A second control signal may be a multiple-bit bi- 
nary fractional factor between 0 and 1 representing the 
posture of the patient. For example, the fractional factor 
may vary from 0, representing the patient in a supine 
position, to 1 , representing the patient in a fully upright 
position. One such posture sensor is fully described in 
copending U.S. Application Serial No. 09/457 451 filed 
12/8/99, titled "AC/DC Mulli Axis Accelerometer for De- 
termining Patient Activity and Body Position," which ap- 
plication is owned by the assignee of the present inven- 
tion and incorporated herein in its entirety by reference 
[0038] The posture sensor 120 may be used to initiate 
a pacing delay selection. When the posture sensor in- 
dicates that the patient's posture has changed, the mi- 
crocontroller may then initiate another pacing delay se- 
lection. 

[0039] The stimulation device 10 further includes a 
magnet detection circuitry (not shown), coupled to the 
m.crocontroller 60. It is the purpose of the magnet de- 
tection circuitry to detect when a magnet is placed over 
the stimulation device 1 0, which magnet may be used 
by a clinician to perform various test functions of the 
stimulation device 1 0 and/or to signal the microcontrol- 
ler 60 that an external programmer 102 is in place to 
receive or transmit data to the microcontroller 60 
through the telemetry circuits 100. 
[0040] As further shown in FIG. 2, the device 10 is 
shown as having an impedance measuring circuit 112 
which is enabled by the microcontroller 60 by a control 
signal 114. The impedance measuring circuit 1 12 is not 
critical to the present invention and is shown for only 
completeness. 

[0041] It is the primary function of the device 10 to 
function as an implantable cardioverter/defibrillator 
(ICD) device. That is, it must detect the occurrence of 
an arrhythmia, and automatically apply an appropriate 
electoral shock therapy to the heart aimed at terminat- 
ing the detected arrhythmia. To this end, the microcon- 
troller 60 further controls a shocking circuit 1 1 6 by way 
of a control signal 118. The shocking circuit 116 gener- 
ates shocking pulses of low (up to 0.5 Joules), moderate 
(0.5 - 10 Joules), or high energy (11 to 40 Joules) as 
controlled by the microcontroller 60. Such shocking 
pulses are applied to the patient's heart through at least 
two shocking electrodes, and as shown in this embodi- 
ment, selected from the left atrial coil electrode 28 the 
RV coil electrode 36, and/or the SVC coil electrode 38 



As noted above, the housing 40 may act as an active 
electrode in combination with the RV electrode 36 or as 
part of a split electrical vector using the SVC coil' elec- 
trade 38 or the left atrial coil electrode 28 (i.e. . using the 
5 RV electrode as common). 

[0042] Cardioversion shocks are generally consid- 
ered to be of low to moderate energy level (so as to min- 
imize pain felt by the patient), and/or synchronized with 
an R-wave and/or pertaining to the treatment of tachy- 
"> cardia. Defibrillation shocks are generally of moderate 
to high energy level (i.e., corresponding to thresholds in 
he range of 5-40 Joules), delivered asynchronously 
(since R-waves may be too disorganized), and pertain- 
ing exclusively to the treatment of fibrillation. According- 
ly, the microcontroller 60 is capable of controlling the 
synchronous or asynchronous delivery of the shocking 
pulses. 3 

[0043] In FIG. 3, a flow chart is shown describing an 
overview of the operation and novel features implement- 
ed m one embodiment of the device 1 0. In this flow chart 
the various algorithmic steps are summarized in individ- 
ual -'blocks". Such blocks describe specific actions or 
dec.s.ons that must be made or carried out as the algo- 
nthm proceeds. Where a microcontroller (or equivalent) 
is employed, the flow charts presented herein provide 
the basis for a "control program" that may be used by 
such a microcontroller (or equivalent) to effectuate the 
desired control of the stimulation device. Those skilled 
in the art may readily write such a control program based 
*» on the flow charts and other descriptions presented 
herein. 

[0044] Before the flow chart of FIG. 3 is described in 
detail, a brief summary of the pacing delay selection 
may prove helpful. The pacing delay selection of the 
present invention is based upon the realization that be- 
tween the continuum about zero delay, at which both the 
nght and left chambers, for example the ventricles are 
paced simultaneously, there is a maximum of pacing ef- 
fectiveness. At one end of the continuum is the left ven- 
ricular pacing only, wherein the left ventricle is stimu- 
lated first to capture the left ventricle and then the riqht 
ventricle is paced, after a large negative delay, when the 
right ventricle is refractory and not captured At the ex- 

tremeotherendofthecontinuumisrightventricularpac- 
mg only where in the right ventricle is paced to capture 
the right ventricle and then, after a large positive delay 
when the left ventricle is refractory, the left ventricle is 
paced and not captured. Between the extreme ends of 
this continuum is a pacing delay, either positive or neg- 
ative, which yields maximum pacing effectiveness and 
a maximum pulse amplitude from the pressure sensor 
37. 

[0045] The invention therefore contemplates com- 
menc.ng pacing in the left chambers) of the heart fol- 
55 lowed by pacing in the right chamber(s) of the heart 
subject to a time delay from zero seconds to a prese- 
lected maximum delay value, as well as commencing 
pacing in the right chamber(s) of the heart, followed by 
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pacing in the left chamber(s) of the heart, subject to a 
time delay from zero seconds to a preselected maxi- 
mum delay value. Obviously, a zero time delay mani- 
fests in simultaneous pacing in both right and left cham- 
bers). 

[0046] When a pacing delay selection is initiated by 
the microcontroller, the left and right ventricles are 
paced during successive cardiac cycles with varying 
pacing delay. When the pulse amplitude from the pres- 
sure sensor is maximum, indicating maximum effective- 
ness, mechanical efficiency, or hemodynamic output, 
the pacing delay causing the maximum pulse amplitude 
is selected by the microcontroller 60 and thereafter used 
until the next pacing delay selection. The next pacing 
delay selection may be initiated as programmed, either 
at another spaced apart time, continuously, or respon- 
sive to a change in the posture of the patient. As will be 
appreciated by those skilled in the art, the foregoing ap- 
plies equally as well as the alria wherein the correspond- 
ing right and left chambers would then be the right atrium 
and the left atrium. 

[0047] In accordance with this preferred embodiment, 
the pulse amplitude can be obtained in any of a variety 
of ways. For example, although ventricular pressure de- 
termined by an intracavitary pressure transducer is pre- 
ferred, vascular plethysmography can be used to obtain 
a measure of arterial pulse amplitude. Alternatively, 
heart sounds can be used to obtain a measure of the 
strength of cardiac contraction. Other measures of he- 
modynamic function are possible, including ultrasound 
to detect changes in the diameter of the aorta or other 
vessels during the cardiac cycle, Doppler ultrasound to 
detect the blood flow through the arteries, cardiac mo- 
tion detected by an accelerometer, ventricular volume 
detected by intracardiac or extracardiac impedance 
plethysmography, and mechanical distention of the ar- 
teries measured, for example, using a strain gauge, ac- 
celerometer, or pressure transducer. The term 'pulse 
amplitude' is thus intended to be used in the generic 
sense as some measure of mechanical pumping effica- 
cy of the heart and is used to refer to any measure of 
mechanical cardiac hemodynamic function generated 
on a beat-by-beat basis. Arterial pulse amplitudes which 
are pulse amplitude measures derived from the in- 
creased pressure and distension of the arterial vascu- 
lature that results from a systolic pulse may alternatively 
be used. Measures of arterial pulse amplitude include, 
for example, optical vascular plethysmography, intra- or 
extra-arterial pressure transduction, and ultrasound 
sensing. 

[0048] A preferred embodiment of a process for per- 
forming pace-parameter optimization using a hemody- 
namic or pressure sensor is presented in FIG. 3. In this 
process the pacing parameters are represented with a 
vector notion p. In the preferred embodiment this vector 
represents the value of the RA-RV delay (AV delay) and 
the RV-LV delay, so that it has two components and op- 
timization takes place over a two-dimensional space. 



The pacing rate is determined by a conventional rate- 
responsive pacing algorithm. The current set of pacing 
parameters is represented with the notation p 0 , and the 
set of test parameters is represented with the notation 

5 Pt 

[0049] In the preferred embodiment, one component 
of the vector is modified, tested, and updated on each 
pass through the process. For example, the current pa- 
rameters might be p 0 = [1 00,30]. where the first compo- 

10 nent represents the AV delay and the second compo- 
nent represents the RV-LV delay, both in msec. The test 
vector is p t = p 0 +5 ; where 6=[0,10]. Thus the test pa- 
rameters are identical to the current parameters but with 
an RV-LV delay that is longer by 10 msec. The hemo- 

15 dynamic responses, p,and p 0 , respectively, of p,and p 0 
are obtained and p 0 is updated depending on the re- 
sponses. Specifically, the component tested, in this ex- 
ample the RV-LV delay, is changed by an amount pro- 
portional to the lesl difference and proportional to the 

20 difference between the hemodynamic responses, so 
that p 0 <- p 0 + A*5*(p f -p 0 ), where A: is a predetermined 
constant scale factor. p t represents the pulse amplitude 
associated with pacing using p p p 0 is the pulse ampli- 
tude associated with pacing using p 0 , and <- denotes 

25 replacement. The amount by which p 0 is updated is as- 
signed to 5/, 5/=/c*5*(p r p a ), and stored in memory for the 
next iteration that component /, the AV delay in this case, 
is updated. 

[0050] Proceeding in detail through the preferred em- 
30 bodiment presented in FIG. 3, at step 1 80 the increment 
vectors is assigned the value 5/, which is either the de- 
fault increment setting or contains a value that was 
stored during a previous pass. The subscript /'indicates 
that it is specific for the component presently being test- 
es ed. At step 1 81 count is initialized to 4, and the variables 
p,and p 0 , which represent the hemodynamic responses 
of the test and current parameter settings, respectively, 
are set to zero. In addition, the test parameter setting is 
assigned the value ppp 0 -+-5. A first pacing pulse is de- 
40 livered using the test parameters p t at step 1 82. The 
hemodynamic result of this pace set is not recorded 
since it is potentially influenced by preload conditions 
that are determined from the parameters that defined 
the previous paced beat. Another pace set is delivered 
45 at step 1 84 using p t . The pulse amplitude is determined 
at step 186. 

[0051] A lest for Lhe validity of the pulse amplitude is 
made at step 1 88. If the pulse amplitude is not valid, the 
process returns to step 184 without the variables being 

50 modified. If the pulse amplitude is valid then p t is incre- 
mented by the measured pulse amplitude, step 1 90, and 
the count is decremented, step 192. If the count is great- 
er than zero, step 1 94, the process returns to step 1 84, 
otherwise, the count is set to 4 at step 196, and a first 

55 pace set is delivered using the current parameters p 0 at 
step 198. Hemodynamic measurements are not made 
following this first beat because they could be influenced 
by preload conditions generated by the previous pace 
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set., which used the test parameters p t Another pace 
set is delivered using the current parameters p 0 at step 
200. Following this pace set the pulse amplitude is 
measured at step 202. If the pulse amplitude is not valid, 
tested at step 204, then the process returns to step 200 
without modification to the variables. If the pulse ampli- 
tude is valid, then p 0 is incremented by the pulse ampli- 
tude at step 206, and the count is decremented at step 
208. The process returns to step 200 if the count is 
above zero at step 210, otherwise, the change to the 
current parameter set S,- is calculated at step 212 and 
used to update the current parameter set p 0 at step 21 4. 
It is retained in memory for later use on successive pass- 
es. Finally, the component index /'is updated at step 21 6, 
and control returns to step 1 80 for another pass through 
the algorithm. 

[0052] This algorithm is advantageous in that the step 
size 5; is adaptive. It is largest in those regions of the 
optimization space that are far from the optimal param- 
eter settings, where p 0 and p t are substantially different 
in magnitude, and it is smallest in those regions of the 
space that are close to the optimal settings, in which p 0 
and p t are similar in magnitude so their difference is 
small. Thus the point representing the parameter set- 
tings speeds rapidly through the optimization space to 
the optimum. Furthermore, the trial step size 5, is taken 
to be the same as the last update. Both these attributes 
speed convergence to the optimal parameter settings 
and therefore allow rapid, dynamic adjustment of pa- 
rameters, so that even changes in body position from 
supine to standing can be rapidly accommodated. 
[0053] In the preferred embodimentthe process is run 
continuously. Alternate embodiments include perform- 
ing the pacing delay selection intermittently, such as at 
periodic intervals or after a change of posture is detect- 
ed. Instill another alternate embodiment the scale factor 
k is slowly decreased so that the pacing parameters 
converge to a stable point. This embodiment is particu- 
larly useful for intermittent optimization. 
[0054] In accordance with alternate embodiments, 
the newly updated pacing parameters may be used to 
deliver some predetermined number of paced beats be- 
fore a new parameter set is tested. This decreases the 
rate of convergence but allows the patient's hemody- 
namics to stabilize somewhat at the new pacing set. 
[0055] In accordance with alternate embodiments, a 
different number of pacing parameters may be opti- 
mized. For example, if four-chamber pacing is used, the 
RA-LA, RA-RV, and_RA-LV intervals may also be opti- 
mized. In this case p is a three dimensional vector and 
optimization is performed over a three dimensional 
space. In general, the number of dimensions of p is 
equal to the number of intervals to be optimized. 
[0056] In other embodiments, more than one elec- 
trode is used to stimulate a given chamber, and the tim- 
ing pulses delivered through these electrodes are opti- 
mized the same way as the case of one electrode per 
chamber. 



[0057] In still other embodiments all components are 
tested and modified simultaneously, for example, using 
a simplex method. 

[0058] In further embodiments, an exhaustive search 
5 of the parameter space is performed, in which all com- 
binations of intervals are tested, and the combination 
that results in the optimal hemodynamic performance, 
as assessed by the sensor, is retained and used. 
[0059] In yet other embodiments, an evolutionary al- 
10 gorithm is used, in which a population of points in pa- 
rameter space is maintained. At each iteration, the de- 
lays represented by each point are used and the result- 
ing hemodynamic performance is recorded. The best- 
performing points are retained, and the worst-perform- 
15 ing points are replaced by randomly modified versions 
of the retained points. 



Claims 



20 



25 



30 



35 



An implantable cardiac stimulation device which op- 
timises pacing effectiveness of a patient's heart 
comprising: a pulse generator configured to: deliver 
right and left pacing pulses to corresponding re- 
spective right and left chambers of the heart with a 
selected pacing delay between the delivery of the 
right pacing pulse and the delivery of the left pacing 
pulse within a continuum from left chamber pacing 
alone, to the delayed pacing between right chamber 
and left chamber, to simultaneous right chamber 
and left chamber pacing, and to right chamber pac- 
ing alone; a sensor that senses a parameter asso- 
ciated with pacing effectiveness; and a control cir- 
cuit that selects the pacing delay which maximises 
the sensed parameter. 



2. An implantable cardiac stimulation device for opti- 
mising pacing therapy delivered to a patient's heart, 
the device comprising: stimulation means for apply- 
40 ing right and left stimulation pulses to correspond- 
ing respective right and left chambers of the heart, 
the stimulation pulses having a selected relative de- 
lay in a continuous range of relative delays from left 
chamber stimulation only, to synchronous right and 
is leftchamberstimulation, and to right chamber stim- 
ulation only; sensing means for sensing a parame- 
ter associated with pacing therapy effectiveness fol- 
lowing each application of the right and left stimu- 
lation pulses; and control means responsive to the 
50 sensing means for selecting the relative delay cor- 
responding to a maximum value of the sensed pa- 
rameter. 



55 



3. A device as claimed in Claim 1 or Claim 2, charac- 
terised in that the sensed parameter is mechanical 
efficiency of the heart. 

4. A device as claimed in Claim 3, characterised in 
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that the mechanical efficiency sensed parameter is 
ventricular pressure and wherein the sensor or 
sensing means includes a pressure sensor. 

5. A device as claimed in any preceding Claim, char- 5 
acterised in that the control circuit or circuit means 
includes a processor programmed to initiate pacing 
delay selection. 

6. A device as claimed in Claim 5, characterised in 10 
that the processor is programmed to initiate pacing 
delay selection at spaced apart times. 

7. A device as claimed in Claim 5 or Claim 6, charac- 
terised in that it further includes a posture sensor *5 
that senses posture of the patient and the processor 

is programmed to initiate pacing delay selection re- 
sponsive to a change in posture of the patient. 

8. A device as claimed in any preceding Claim, char- 20 
acterised in that the corresponding respective 
right and left chambers are the right ventricle and 

the left ventricle respectively and the pulse gener- 
ator delivers the right and left pacing pulses to the 
right ventricle and left ventricle respectively. 25 

9. A device as claimed in any of Claims 1 to 7 } char- 
acterised in that the corresponding respective 
right and left chambers are the right atria and the 

left atria respectively and wherein the pulse gener- 30 
ator delivers the right and left pacing stimulation 
pulses to the right atrium and left atrium, respective- 
ly. 



a control circuit that establishes the pacing delay 
which maximises the sensed parameter. 

13. A device as claimed in Claim 12, characterised in 
that the pulse generator is configured to deliver 
pacing pulses such that the first chamber is the right 
ventricle and the second chamber is the left ventri- 
cle, and wherein the preselected chamber is the left 
ventricle. 

14. A device as claimed in Claim 13, characterised in 
that the preselected chamber is the right ventricle. 

15. A device as claimed in Claim 12, characterised in 
that the pulse generator is configured to deliver 
pacing pulses such that the first chamber is the right 
atrium and the second chamber is the left atrium, 
and wherein the preselected chamber is the left atri- 
um. 

16. A device as claimed in Claim 15, characterised in 
that the preselected chamber is the right atrium. 

1 7. A device as claimed in any of Claims 1 2 to 1 6, char- 
acterised in that the pacing delay is selected such 
that pacing pulses are either delivered to the first 
chamber above, or are delivered simultaneously to 
the first and second chambers, or are delivered to 
the second chamber above. 



10. A device as claimed in any preceding Claim, char- 35 
acterised in that the control circuit includes a proc- 
essor programmed to cause the pulse generator to 
deliver the right and left pacing pulses with varying 
pacing delays until a maximum of the parameter is 
sensed by the sensor. 40 

11. A device as claimed in Claim 1 0, characterised in 
that the sensor provides a pulse amplitude indica- 
tive of the sensed parameter and wherein the con- 
trol circuit responds to the pu Ise amplitude in select- 45 
ing the pacing delay. 

12. An implantable cardiac rhythm management de- 
vice, which optimises stimulation pacing pulse ef- 
fectiveness in a human heart comprising: a pulse so 
generator configured to deliver first chamber and 
second chamber pacing pulses to corresponding 
respective first and second chambers of the heart 
with a selected delay between the delivery of the 
first chamber pacing pulse and the delivery of the 55 
second pacing pulse within a continuum from a 
preselected chamber; a sensor that senses a pa- 
rameter associated with pacing effectiveness; and 
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